





















































(Lowinger, 1978). Before mining began, the terrain was characterized by
poorly drained valleys and ridges that have locally steep slopes. Along the
ridges grew Douglas fir, big-leaf maple, alder, and vine maple.

The sulfur content of coal in the Centralia-Chehalis coal district is, on
the average, the highest in the State (1.12 percent, table 1). This average
is a weighted average calculated by using only those coal reserves for which
analyses of coal sulfur-content were available. The ash content of the coal
is relatively high, ranging between 4.6 and 25 percent, and averaging about 12
percent.

In 1981, the maximum depth to which WIDCO was strip mining coal was 325 to
350 feet below land surface (John Wisch, WIDCO, oral commun., 1981). Settling
ponds were used to contain silt-laden runoff from the drainage basins of
Overburden, Packwood, and South Hanaford Creeks, and from the coal pile at the
generating plant. To increase settling efficiency, flocculants were added to
the settling pond in Overburden Creek and to the pond receiving effluent from
the coal pile. Prospect investigations in 1982 by several mining companies
revealed new potentially strippable coal areas in and around the Lake Creek
basin, a tributary of the South Fork Chehalis River. This discovery will
probably result in a combination of the Centralia-Chehalis, Kelso-Castle Rock,
and intervening areas as a newly defined coal-bearing area (T. Walsh,
Washington Department of Natural Resources, oral commun., 1986).

Kelso-Castle Rock Coal Area

The 300-square-mile Kelso-Castle Rock coal area is in southwestern Lewils
County and in north-central and western Cowlitz County. It is in and adjacent
to, the lower valley of the Cowlitz and Toutle Rivers (Roberts, 1958). The
coal beds of the area occur in the Cowlitz Formation of late Eocene age and
the Toutle Formation of late Eocene and early Oligocene age (Beikman, Gower,
and Dana, 1961).

The total reserves (table 1) in the Kelso-Castle Rock coal area are
approximately 149 million tons (E. R. VonHeeder, Department of Natural
Resources, written commun., 1980). Of these, 59 million tons in state-
administered lands are strippable by conventional mining methods. The
thinnest coal beds are subbituminous and range in thicknesses from 2.5 to 10
feet. The thickness of lignite ranges from 5 feet for the Silver Lake and
Walker beds along the Toutle River, to more than 20 feet for beds between
Salmon and Cedar Creeks (see fig. 4). The overburden thickness tends to be
less than 60 feet. Some coal beds are exposed along the banks of Salmon and
Cedar Creeks and the banks of Cowlitz and Toutle Rivers and their tributaries
(Roberts, 1958).

The ash content of coal in the Kelso-Castle Rock area ranges from 5.9 to
34 percent and averages about 16 percent, slightly higher than values for the
Centralia-Chehalis area. The average sulfur content of coal is 0.63 percent
(weighted average), similar to values for other coal-bearing areas of the
State.
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Climate and Land Use

The Centralia-Chehalis coal district and Kelso-Castle Rock coal area have
a moist, temperate climate generally characterized by mild temperature and
moderate amounts of rainfall. For 1970 to 1979, the mean annual temperature
was 51.6°F at the Centralia weather stations and 51.3°F at Longview; mean
annual precipitation was 46.3 inches at Centralia and 46.7 inches at Longview.

In the Centralia-Chehalis coal district, more than 80 percent of the land
is undeveloped (table 2) and much is forested and harvested for lumber. A
small percentage of the land in three of the basins (Lincoln, Hanaford, and
South Hanaford) is urban. The Packwood Creek basin is the only basin where
mining constitutes a significant land use (16 percent). However, some land
(0.3 percent) in the South Hanaford Creek basin is used for mining-related
activities, such as siltation reservoirs.

In the Kelso-Castle Rock coal area, most of the land is forested (table 2)
and logging is done in most of the drainage basins. In the lower Foster Creek
valley, large areas of land (37 percent) are used for crops (peas and alfalfa)
and pasture. Small portions (1 to 2 percent) of land within the Salmon and
Coal Creek basins are also used for agriculture. The only urban areas are in
the Foster and Coal Creeks drainage basins, where they represent 2 to 3
percent of land use.

Stream Channel Characteristics

Sampling sites for the collection of chemical, biological, and sediment
samples were chosen to be representative of the stream within the portion of
the basin being considered. A summary of the stream channel characteristics
of each site is shown in table 3. Most of the smaller streams and a few of
the moderately-sized ones have channels with relatively small (less than 10)
width-to-depth ratios and low water velocities. The streambanks are composed
of clay, probably of paludal or lacustrine origin (Snavely and others, 1958)
and pool-and-riffle sections are rare. Some reaches of upper Foster, South
Hanaford, and Packwood Creeks have been channelized to promote better
drainage. A notable exception is Coal Creek with a natural sequence of pool
and riffles.

The larger streams typically have width-to-depth ratios ranging from 20 to
50. The banks are composed of alluvium and are covered by recent flood
deposits. Alternate bars, pools, and riffles are common in these streams,
except where bedrock has been exposed. The pools generally contain finer
material than the riffles, which commonly are composed of gravel.
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Most of the channels at the sampling sites are in relatively broad
valleys, unconstrained by valley walls or bedrock, and about half are armored.
In this report, an armored reach is defined as one in which the bed is
protected from erosion by low magnitude floods by a covering of coarse
particles. Channels at both upstream and downstream sites on Coal and Cedar
Creeks, and on the downstream site of Cline Creek, show no evidence of lateral
migration or incision because they are restricted by bedrock. At Salmon
Creek, only migration is restricted by bedrock.

The upstream site (I) on Packwood Creek is located below an impoundment
created on the original stream channel by a mudslide in August 1979. The
streambed at the site is atypical, in that it consists of riprap embedded in
clay and silt and underlain by concrete. Riprap has been placed on the
streambed and along the banks to reduce erosion. Most of the basin has been
denuded by coal-stripping operations and presently is being reclaimed by
replacing the overburden, grading to the approximate original contour,
planting grass, and fertilizing.
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TABLE 3.--Stream-channel characteristics of the sampling sites

Sitel Local Predominant width-
(see valley stream channel depth
Stream fig. 3) fill substrate Armoring ratios
Centralia-Chehalis Coal District

Deep Creek E Clay Sand and gravel No 11.17
E’ Clay Silt and clay No 15.31
Lincoln Creek H Clay Sand and Silt No 11.16
H' Clay Sand and silt No 15.03
Hanaford Creek F Alluvium Gravel and cobbles Yes 51.35
F' Clay Sand and clay No 10.69
South Hanaford G Clay S§ilt and clay No 8.52
Creek G’ Clay Silt and clay No 6.98

Packwood Creek I2 -- --- -- --
1’ Clay Silt and clay No 5.04

Kelso-Castle Rock Coal Area

Coal Creek A Bedrock Gravel and cobbles Yes 29.37
A’ Bedrock Gravel and cobbles Yes 9.03
Salmon Creek B Alluvium Boulder and cobbles Yes 21.87
B’ Alluvium Gravel and cobbles Yes 30.88
Cedar Creek c Bedrock Sand and gravel Yes 21.66
c’ Bedrock Sand and gravel Yes 7.68
Foster Creek D Clay Silt and clay No 9.00
D’ Clay Silt and clay No 5.60
Cline Creek J Alluvium Silt and clay Yes 10.00
J! Bedrock Sand Yes 10.45

1E = ypstream site, E' = downstream site.
Upper Packwood Creek is not a representative reach; no data were collected.
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DATA-COLLECTION METHODS

Temporal variations of selected water-quality characteristics were
examined to document baseline conditions in unmined basins and to describe the
water quality of streams receiving drainage from mined areas. Water quality
characteristics that were analyzed include pH, concentrations of total and
dissolved iron, total and dissolved manganese, dissolved solids, trace metals,
common ions and nutrients. Additional data collected include streamflow
measurements, inventory of benthic invertebrates, sampling of bottom materials
for trace metal analysis, suspended sediments and particle size analysis of
streambed and bank sediments. A summary of the data collected and their
sampling frequency is shown in table 4. The streamflow measurements were made
using vertical axis current meters (Buchanan and Somers, 1976) except at the
upstream site of Foster Creek, where volumetric techniques were used. Water-
quality data were obtained according to the methods described by Brown,
Skougstad, and Fishman (1974).

Instantaneous discharge measurements made during the study period were
correlated with discharge from continuously gaged sites located in basins with
similar topography and basin area. Results suggest that the instantaneous
discharge measurements were more representative of average streamflow
conditions during July to October than during March to May. Instantaneous
discharges per unit area were also plotted for those times when streams were
measured in order to compare upstream and downstream sites. It was postulated
that drainage basins denuded of vegetation by strip mining or agriculture
would have a greater water yield per unit area than undisturbed basins. Based
on available data, no discernible pattern was observed in surface-water yield
between upstream and downstream sites in all basins except for Hanaford Creek.

Each of the six discharge measurements made at Hanaford Creek revealed
that the discharge per square mile was about 50 percent less at the downstream
site than at the upstream site indicating that ground-water contribution to
the stream as it flows through the drainage area of the lower site is probably
small. A t-test for paired comparisons showed no significant differences
(P<0.05) in surface-water yield between sampling sites at each stream except
for Hanaford Creek where a significant difference may exist (P<0.10).

Benthic invertebrates were sampled at each site, but collection techniques
were not uniform because of the wide spectrum of habitats encountered. Stream
depths ranged from 2 inches in Cline Creek to 4 feet in Lincoln Creek; bottom
materials ranged from boulder and cobbles to sand and clay. At sites with
cobble-boulder, cobble-gravel, or gravel-sand substrates, replicate samples of
benthic invertebrates were collected using a Surber sampler and composited at
the site. In those streams where the streambed substrate was predominantly
silt-clay or sand-clay, or where stream depth precluded the use of the Surber
sampler, benthic invertebrates were collected synoptically with a dip net.
Attempts were made to sample all possible habitats. The mesh size of the dip
net was larger (1000 micrometers) than that of the Surber sampler (210
micrometers). Synoptic samples of benthic organisms were collected from
Lincoln, South Hanaford, Cline and Packwood Creeks, and the upstream site of
Foster Creek. All samples were preserved in 70-percent ethanol and
taxonomically identified in the laboratory.
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TABLE 4.--Sampling frequency for physicochemical and biological constituents at study sites

Sampling Sampling Physicochemical and Analysis Remarks
frequency period biological constituents Location
Monthly March to May Instantaneous discharge Field
and July to Specific conductance
October, 1980 Dissolved oxygen
Water temperature
Alkalinity and acidity
(hot) pH
Turbidicy Laboratory U.S. Geological
Suspended sediments Survey, District
Benthic Invertebrates Laboratory,
Tacoma, WA
Seasonal April to Dissolved and total re- Laboratory U.S. Geological
October 1980 coverable Fe and Mn Survey, Central
Total NO, + NO3 as N Laboratory,
Total P as P Arvada, Co.
Dissolved common ions:
Ca, Mg, Na, K, C1, F,
Silica, and 804
April, August Dissolved trace metals:
to October Al, As, Cd, Cr, Cu, Pb,
1980 Se, Hg, Zn, and Co
April, September Total recoverable trace
1980 metals: (same as dissolved)
August 1981 Grain size analysis: bed U.S. Geological
and bank sediments Survey, Sediment
Laboratory,
Sacramento, CA
Pebble counts Field Sacramento, CA
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Bottom sediments were sampled once, in September 1980, at each of the 20
sampling sites and analyzed for trace metals usually associated with mining
activities. Bottom sediments can serve as a sink for trace metals transported
downstream, both dissolved in water and adsorbed on suspended sediments.

Trace metals adsorbed on sediments deposited over a long period of time can
reflect not only present but also past conditlons. Sampling was restricted to
a thin layer (1 inch) of the streambed surface (R.F. Middleburg, U.S.
Geological Survey, written commu., 1977, 1979).

Water samples for suspended-sediment analysis were collected by depth
integration at most sites using equal-width increments. However, because of
low water velocities (less than 1.5 feet per second) at the upstream site of
Lincoln and Cline Creeks, samples were collected at the surface over the width
of the stream by hand-dipping.

Streambed and bank sediment samples were also collected, in August 1981,
and analyzed for grain-size distribution. Local valley fill was characterized
as either clay, alluvium, or none (bedrock), but was not sampled (see table
3). Some streams were incised into the valley fill, but streambank deposits
were generally present at the base of the erosional banks. Each bed sample
consisted of either composited grab samples taken at equal intervals across
the bed, or by a modified Wolman Count (Wolman, 1954), using grab samples to
measure particles smaller than 16 millimeters. Bank material samples were
composited from equally spaced grab samples taken from recently deposited bank
sediments.

The composite grab samples of the bed and bank materials were sieved by
either standard dry- or wet-sleve techniques. The volumetric data of pebble
counts were converted to mass assuming a specific weight of 2.7 grams per
cubic centimeter and an ellipsoidal grain shape; then, each gram was placed
into size classes by length of the intermediate axls. The particle-size
distributlion of the bed material was determined by combining the pebble count
data with the composite sample of the matrix, weighted by the percentage of
matrix points in the pebble count.

The median, graphic mean, and graphic standard deviation (o,.) of the grain
sizes of the bed and bank material samples were calculated using techniques
outlined by Folk (1974), and are presented and analyzed in phi units (Krambein
and Graybill, 1965). The median grain size is defined as the grain size of
the 50th percentile. The graphic mean is defined as the average of the 1l6th,
50th, and 84th percentiles. The graphic standard deviation (o,) 1s defined as
half the difference between the 16th and 84th percentiles. Phi units are
defined as the negative logarithm (to the base 2) of the grain diameter in
millimeters. Phl units are negative for grains coarser than 1 millimeter and
positive for finer grains. Sediments deposited by a single event have, in
theory, graln sizes which exhibit log-normal distribution.

Effects of the 1980 eruption of Mount St. Helens on the study area were
not assessed. The eruption occurred during the study but, except for Cline
Creek it was assumed that all the drainage basins being compared were equally
affected. Data from the downstream side in Cline Creek during August to
October were collected 500 feet further upstream from the original sampling
location due to the complete destruction of this site resulting from a mud
flow in the Toutle River.
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WATER QUALITY OF THE CENTRALIA-CHEHALIS COAL DISTRICT

Chemical and Physical Characteristics

At both upstream and downstream sites on all study streams the pH values
of water (fig. 7) were typical of western Washington streams. Slight
variations between the upper and lower reaches of South Hanaford and Packwood
Creeks may be due to current (1980) land-use practices such as strip-mining
activity or agriculture.

Dissolved-solids concentrations (fig. 7) ranged from 43 to 117 mg/L
(milligrams per liter) in Deep, Lincoln, and Hanaford Creeks. Packwood and
South Hanaford Creeks had higher concentrations of dissolved solids than other
streams during both high and low flows (90 to 1,350 mg/L). Calcium,
magnesium, sodium and sulfate were the major ions contributing to the increase
in dissolved solids. The increases in these minerals were consistently higher
at the downstream site on Packwood Creek than at its upstream site but higher
at the upstream site on South Hanaford Creek than at the lower site. Both
upper South Hanaford Creek and lower Packwood Creek receive drainage from
nearby siltation ponds, and upper Packwood Creek is impounded by a mudslide
from spoil piles of overburden.

Concentrations of dissolved iron were generally less than 500 ug/L
(micrograms per liter) in all streams except during low flows. Concentrations
wvere as high as 2,500 ug/L during low flow in the upper reaches of Packwood
Creek where the stream is impounded (fig. 8). Most of the iron concentrations
at both sites in South Hanaford were in suspended phase throughout the study.
The concentrations of iron associated with the suspended sediments are
significantly greater at the downstream sites of Packwood and South Hanaford
Creeks than at the upper sites (table 5). The other streams studied show much
less of an increase from upstream to downstream sites.

Dissolved manganese ranged from near zero to more than 5,000 ug/L (South
Hanaford Creek, fig. 8). Concentrations as high as 2,000 ug/L were measured
at Packwood Creek, but concentrations were low (5 to 340 ug/L) for Deep and
Lincoln Creeks. Although Hanaford Creek drains a mined area, it had
consistently low concentrations (less than 50 ug/L) because samples were
collected upstream from the influence of the mine. A sharp increase in
concentration of dissolved manganese in Deep and Lincoln Creeks occurred
during August; this is attributed to low streamflow, consequent ground-water
inflow and poorly oxygenated waters.

Comparisons of the concentration of manganese associated with suspended
sediment reveal that the mined streams have the largest increase in manganese
downstream. The increased concentrations of iron and manganese in the lower
reaches of South Hanaford Creek may be attributed to channelization work done
during the course of the study.
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FIGURE 7.--pH and dissolved-solids concentrations (residue at 180 0Cc) in
streams of the Centralia-Chehalis coal district during March-May and
July-October 1980.
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FIGURE 8.--Total- and dissolved-iron and manganese concentrations in the
Centralia-Chehalis coal district during April-May and July-October 1980.
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TABLE 5.--Concentrations of suspended iron and manganese per gram
of suspended sediments for sampling sites in the Centralia-
Chehalis coal district.

Concentrations, in micrograms
per gram of suspended sediment

Stream and site location _

on figure 2 Iron Manganese
South Hanaford Creek G 109,000 1,509
G’ 163,000 14,300
Packwood Creek I 61,000 5,200
I’ 140,000 9.000
Deep Creek E 91,000 3,600
E’ 112,000 1,400
Lincoln Creek H 55,000 2,000
H’ 67,000 2,600
Hanaford Creek F 46,000 1,500
F’ 47,000 900
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Suspended sediment concentrations at the time of sampling were very low
and comparable between streams. The siltation ponds in Packwood and South
Hanaford Creeks appeared to be very efficient in retaining sediments derived
from the strip-mining operation, even during periods of moderate flow. Their
efficiency during peak flows was not determined.

Trace Metals in Water and Bottom Sediments

Concentrations of dissolved trace metals (table 6) were generally below
concentrations stipulated in the Primary Drinking Water Regulations (U.S.
Environmental Protection Agency, 1975b) and in reported toxicity threshold
levels (U.S. Environmental Protection Agency, 1976). During low flow, higher
concentrations of aluminum (1,200 ug/L) were found in Hanaford Creek and of
zinc (120 mg/L) in Deep Creek, and both elements were mostly in suspended
phase. Samples taken during higher flows in April did not differ
significantly from low flow samples in concentratlons ;. dissolved trace
metals.

Concentrations of total-recoverable trace metals in the bottom sediments
were, with some exceptions, similar in all streams. The concentrations of
iron and manganese in the bottom sediments of Packwood and South Hanaford
Creeks were higher at the lower sites but for probably different reasons. If
the siltation ponds on both streams are trapping the coarse materials, then
the sampling sites below siltation ponds should have a higher percentage of
fines in the bottom material. This was confirmed by grain size analysis and
examined later in the report when the erosion potential of the study streams
is discussed. Greater concentration of iron, manganese and other trace
elements would be expected with the lines than with the coarse sediments.
This was observed in Packwood Creek only where concentrations of copper, zinc,
iron, and manganese were higher below the siltation ponds. Although not
investigated in this study it is probable that greater temporai exposure of
weathered material to air and water in the Packwood basin may contribute to
higher concentrations of iron, manganese, and other trace elements in bottom
sediments than the upstream site of South Hanaford Creek, which is also under
the influence of mine drainage but has much less overburden exposed. Higher
concentrations of iron and manganese at the lower reaches In South Hanaford
Creek probably originated from channelization activities. Chromium, cobalt,
copper, and zinc concentrations appear to be higher in both reaches of Lincoln
Creek. These concentrations may not be representative of what 1is present in
the bed sediments because of the wide differences among streams in particle
slze of bed sediment. Explanation of the anomalously high concentrations may
require further investigation.
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WATER QUALITY OF THE KELSO-CASTLE ROCK COAL AREA

Chemical and Physical Characteristics

None of the streams in the Kelso-Castle Rock area receives drainage from
mining activities. The pH of water at both upstream and downstream sites for
9). Differences in pH between sites in Foster Creek are greater than
differences between sites on other streams. This may be related to intensive
agricultural activity in the downstream reaches of Foster Creek.

Except for Cline Creek, the dissolved-solids concentrations in the Kelso-
Castle Rock area ranged from 24 to 111 mg/L (fig. 9). Larger concentrations
(174 mg/L) of dissolved solids measured for Cline Creek in August may have
been caused by road construction in its lower reaches.

Dissolved iron ranged in concentration from near zero to 2,100 ug/L and
dissolved manganese, from near zero to 390 ug/L (fig. 10). Dissolved-
manganese concentrations were more variable between sampling sites on Cedar,
Foster, and Cline Creeks than on Coal and Salmon Creeks. Increases in
manganese tend to be correlated with decreases in dissolved oxygen. Although
a similar correlation would be expected for iron, a decrease in iron was
observed for Cline Creek in August when dissolved-oxygen concentrations were
smallest. This is attributed to the influence of pH on iron concentrations
and to road construction near the downstream site, which may have influenced
the availability of iron. Dissolved-iron concentrations were similar for most
sites throughout the sampling period. The only exception was in the upper
reaches of Foster Creek where iron was predominantly in suspended phase.

A comparison of the concentrations of iron and manganese associated with
suspended sediments between sampling sites shows that downstream differences
are negligible for both trace elements (table 7). All of the concentrations
of suspended iron are larger at all upstream sites than at the downstream
sites. Similar observations were made with manganese except for Foster and
Cline Creeks where concentrations at the downstream site were about twice the
concentrations at the upstream sites. The cause of this anomaly was not
determined for Foster Creek but it was noted that the lower reaches are among
the most heavily cultivated. Cline Creek may have been influenced by road
construction in the area.

Suspended sediment concentrations at the time of sampling were very small
and similar from one stream to the next (see table 14, end of report). These
measurements are only indicative of average flow conditions and do not
represent peak flow events.
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FIGURE 10.--Total- and dissolved-iron and manganese concentrations in
Kelso-Castle Rock coal area during April-May and July-October 1980.
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TABLE 7.--Concentrations of suspended iron and manganese in suspended
sediments for sampling sites in the Kelso-Castle Rock coal area

Concentration, in micrograms per
gram of suspended sediment

Site
Stream (see fig. 3) Iron Manganese

Coal Creek A 76,000 3,000
A’ 53,000 2,600
Salmon Creek B 83,000 3,600
B’ 78,000 2,400
Cedar Creek C 115,000 2,800
c’ 83,000 2,000
Foster Creek D 139,000 1,100
D’ 50,000 2,300
Cline Creek J 113,000 7,000
J! 111,000 11,275

Trace Metals in Water and Bottom Sediments

Concentration of dissolved trace metals (table 8) were generally below
concentrations stipulated in the Primary Drinking Water Regulations (U.S.
Environmental Protection Agency, 1975b) and in the reported toxicity threshold
levels (U.S. Environmental Protection Agency, 1976). During low flows, larger
concentrations of chromium (11 ug/L) were found in Foster Creek and of copper
(13 mg/L) in Cline Creek, and both elements were mostly in suspended phase.
Samples taken during higher flows in April did not differ significantly from
low-flow samples in concentrations of dissolved trace metals.

Concentrations of total-recoverable trace metals in the bottom sediments
were, with some exceptions, similar in all streams. Larger levels of arsenic
and chromium were found in Coal Creek than in the other streams. As in the
Centralia-Chehalis coal district, further sampling of bottom sediments and
analysis of metals in sediment samples fractionated according to particle size
would be needed to better understand the distribution of trace metals.
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COMPARISON OF WATER QUALITY AND BIOLOGICAL CHARACTERISTICS
BETWEEN MINED AND UNMINED BASINS

Water Quality

Streams in the study basins are typical of socuthwestern Washington streams
in water chemistry except for Packwood and South Hanaford Creeks, which are
affected by coal-strip mining. The water in the unmined basins is
characterized as a mixed-water type (fig. 11) in which calcium, magnesium,
sodium, and bicarbonate are the major ions. Differences between upstream and
downstream sites were minimal, which indicates little human infiuence on water
chemistry. Sulfate is the dominant anion of the downstream site in Packwood
Creek and at the upstream site in South Hanaford Creek. Siltation ponds used
in the stripping operation are upstream from both these sampling sites. Some
of the increase in sulfate at the upstream site on Packwood Creek over the
downstream site and at the downstream site on South Hanafcrd Creek over the
upstream site is attributed to grading and channelization operations as well
as to the effects of the siltation ponds. The largest variations in specific
conductance were found in the two mined basins; values ranged from 185 to
1,570 uS/cm (microsiemens per centimeter at 25 Celsius) for Packwood and from
129 to 419 uS/cm for South Hanaford Creek.

Turbidity wvalues of less than 10 Nephlometric Turbidity Units (NTU)
generally apply to streams in both coal areas and values of 1 or 2 NTU were
common. The largest wvalue, 25 NTIU, was found at the lower South Hanaford
Creek site during late summer when some channelization of the lower reaches
was being done.

In Packwood Creek, dissolved iron and manganese concentrations were also
larger at the upper reaches than the lower reaches. In the impoundment above
the upstream site the water was stagnant, the conditions where reducing
because of organic matter, the temperature was high, and the oxygen
concentration was low, all of which may have contributed to the increase in
iron and manganese. The siltation ponds just above the downstream site appear
to be providing an ideal quiescent, well-aerated environment that causes most
iron and manganese to precipitate or to adsorb to small particulate matter.

Factor analysis was used to select a set of water-quality variables that
could be used to best explain the water-quality characteristics of the study
basins. The 15 variables chosen (table 9) are most commonly used to describe
water-quality conditions in streams receiving coal-mine drainage. Details of
the factor analysis technique are described by Cooley and Lohney (1962),
Morrison (1967), and Helwig and Council (1979). Each variable was discharge
weighted and averaged for the four low-flow months from July to October. It
was assumed that the maximum effects of coal-mine drainage would be evident
during this period of low flow and minimal dilution.

Separate factor matrices were generated for the unmined basins (Lincoln,

Cline, Foster, Deep, Salmon, Cedar, Coal, and Hanaford Creeks) and the mined
basins (Packwood and South Hanaford Creeks) to determine whether or not a
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v
CALCIUM CHLORIDE

CATIONS PERCENTAGE REACTING VALUES ANIONS
EXPLANATION
Basin Upstream site N Downstream site N
Centralia-Chehalis coal district:
Deep Creek E 6 E* 6
Lincoln Creek H 6 H' 6
Hanaford Creek F 6 F! 6
South Hanaford Creek G 6 G' 6
Packwood Creek I 4 I 6
Kelso-Castle Rock coal area:
Coal Creek A 6 A 6
Salmon Creek B 6 B' 6
Cedar Creek C 6 c* 6
Foster Creek D 6 D' 6
Cline Creek J 5 J* 5

N = number of observations

FIGURE ll.--Piper diagram of major cations and anions in stream samples collected
during April-October 1980. (Each point represents a discharge-weighted mean
value.)
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TABLE 9.--Factor loadings of water-quality variables for the unmined and

mined basins during July to October 1980

Unmined basins Mined basins
Factors® Factors
Variables 1 2 3 1 2 3
Discharge -0.592 -0.449 0.117 0.764 0.422 0.488
pH .288 - .752 - 116 - 114 .005 - .993
Dissolved oxygen - .136 - .681 .594 .090 - .957 .274
Alkalinity (as Caco,) b 9s4 .081 .059 . .162 - .980 - .118
Acidity (as 03003) .201 .870 .049 - .019 .985 171
Dissolved calcium .949 .064 - .144 .984 .177 .026
Dissolved magnesium +959 .154 - .084 +993 .083 .080
Dissolved sodium .939 .105 - 114 +998 .020 .051
Dissolved chloride .648 .142 - .209 - .531 .757 - .380
Dissolved sulfate .420 .039 - .574 -995 .033 .089
Dissolved solids .985 .023 .068 +996 .063 .057
Dissolved aluminum .126 . 045 =917 - .184 .891 - 413
Dissolved iron .100 .051 .140 - .505 - .861 -, .064
Dissolved manganese .353 .862 - .023 - .575 - .500 .647
Suspended sediment .138 .739 - .169 - .925 .270 .268
Percent variance 46.6 26.4 13.3 48.8 36.7 14.5
Cumulative percent
variance 46.6 73.0 86.3 48.8 85.5 100

a
Varimax rotation of factors using the software program Factor Procedure

(Hellwig and Council, 1979).
Loadings of 0.800 or greater are underscored.
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different set of variables would explain the differences observed in each
factor. Only the first three factors (shown in table 9 as columns 1, 2, and
3 for both mined and unmined basins) were considered for interpretation since
they explain more than 85 percent of the total variation in the system.

In order to eliminate medium-range factor loadings (correlations between
the factors and the original variables), "vari-max rotation" (Wallis, 1965;
Mahloch, 1974) was used. This type of rotation facilitates ascribing each of
the factors to specific entities of chemical or physical significarce, and
thus permits a better explanation of the observed co-variation of the
variables used (Cattell, 1965).

There are no absolute limits in determining which variables were the most
important. The magnitudes of the factor lcadings are considered to be a
function of the number of variables used and the percent variance explained by
the factors. The criterion for variable selection was subjective and
conservative, and based on a selected range of factor loading values. For
purposes of this discussion, those variables whose factor loadings having
values equal or greater than 0.8 are underscored and shown in table 9 to
represent those variables that have significant correlation. Care must be
taken in extrapolating the interpretations made in this factor analysis as
being applicable to areas other than the two coal areas discussed in this
report.

The factor-analysis matrix for the unmined basins shows calcium,
magnesium, sodium, alkalinity, and dissolved solids to have the highest
loadings and thus the greatest potential for describing water type. Similar
loadings were found in the mined basins, except that sulfate replaced
alkalinity as the major anionic contribution. Acidity and dissolved manganese
also appear to be important variables., The source of the manganese is
uncertain but it may be released because of heavy vegetation and decomposing
organic debris in the alluvium at many sites.

Variables with high factor loadings (such as acidity, alkalinity,
dissolved oxygen, aluminum, and iron) that are influenced by oxidation-
reduction reactions were found in the factor-analysis matrix for the mined
basins. Acidity in the mined basins appears to be less related to the
hydronium ion and more related to other species such as iron and aluminum
compounds that combine with hydroxide ions. Low levels of dissolved oxygen
may also lead to the release of iron compounds. The abundance of carbonate
minerals exposed to weathering during the stripping operation may have
contributed to the high net alkalinities (alkalinity as CaCO, milligrams per
liter) - acidity as CaCO, milligrams per liter) found in stréam water at the
mined basins. Values of pH poorly characterize the water of streams that
receive mine drainage; high loading of pH appears only on the third factor,
which explains only 14.5 percent of the total variation.

Water-quality differences between the mined and unmined basins appear to
be slight. Sulfate becomes more abundant in the mined basins, but is
insufficient to significantly alter the pH of the water nor to make the
streams more acidic.
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Biological Characteristics

The areal distribution and abundance of macroinvertebrates in each stream
were used to describe the benthic communities. The general stream habitats
are described by means of presence or absence data for benthic invertebrates
collected at each site. Each sampling site was also characterized
biologically by its substrate composition and the structure of its associated
benthic community.

The presence or absence data for benthic invertebrates are summarized in
table 10. The summary is based on the percentage composition of invertebrate
fauna at each sampling site. A total of 223 macroinvertebrate taxa were
identified from the 20 sampling sites (see table 15, end of report). Five
orders of aquatic insects (Ephemenoptera, Plecoptera, Trichoptera, Diptera,
and Coleoptera) composed over 64 percent of the taxa found at most of the
sites.

Most of the study streams have lotic environments that are populated
predominantly by insect fauna. Lincoln and South Hanaford Creeks, on the
other hand, had lentic habitats in which the non-insect fauna was more
abundant but less diverse than the insect fauna. A significant amount of
coarser sediment (gravel, cobbles) on a streambed was associated with a more
diverse fauna than was bed material dominated by sand, silt, or clay. Of all
the sites sampled, the upstream site of Packwood Creek had the most
impoverished of fauna. Mayflies, stoneflies, and caddisflies were virtually
absent. The impoverishment is attributed to location of the site downstream
from an impoundment and to the substrate, which consists of clay and riprap
underlain by concrete; also, the stream has long periods of low streamf<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>